Abstract
INTRODUCTION
Coffee, a tropical crop, one of the most important agricultural products in economic terms, which consumption reached more than 9 thousand of millions of tons last year (ICO, 2017) , is especially affected by the differences in their environmental conditions (Cristancho et al., 2012) . Coffee leaf rust (CLR), caused by Hemileia vastatrix Berk. & Br., a biotrophic basidiomycete fungus, is the most devastating disease affecting coffee crop (Morris, 1880) . It was reported from the first time in cultivated coffee in Sri Lanka in 1869, and occurs in almost all producing countries from 1984 (Talhinhas et al, 2017 ). An unusual increase in disease incidence and high leaf severities was observed from 2008 to 2013 in Central and South America (Avelino et al., 2015) over Coffea arabica, the main cultivated variety (ICO, 2017) . Currently, control methods are based on improving varieties to increase plant resistance (Gatica-Arias et al., 2017) escaping the disease through planting coffee in higher altitudes and, fungicide applications. Chemical pesticides are known to have produced broad scale environmental impact worldwide and, at the same time, discovery and registration of new molecules to be used as insecticides, herbicides and fungicides have slowed significantly along the last decades, reducing the number of options for pest control by the farmers (Ștefan et al., 2015; Cosoveanu et al., 2016) . However, the integration of natural products with antifungal activity against H. vastatrix, that reduces or eliminates the impact of the application of conventional fungicides on the environment, represents one more alternative for the management of CLR. In that sense chitosan, a polysaccharide obtained from deacetylation of chitin, the second natural polymer most abundant (Azuma et al., 2015; Miteluț et al., 2015) , is promising. Nonetheless, the size of the polymer chain plays a key role (Harish et al., 2007) chitosan oligomers have showed a great antifungal activity against many phytopathogens fungi (Silva-Castro et al., 2018 , Matei et al., 2010 . Another natural product with prospects of being used to control agricultural diseases is propolis, its ethanolic extracts contains flavonoids and polyphenols, compounds attributed to it antifungal activity (Matei et al., 2015) . In this work, solutions of chitosan oligomer (COs), propolis (P) and their mixture were assessed against H. vastatrix such as potential alternative to control CLR.
MATERIALS AND METHODS

Aqueous solutions
Chitosan oligomers (COs) were obtained from powered medium molecular weight chitosan (Hangzhou Simit Chemical Technology Co., Ltd., Hangzhou, China)) dissolving 10 g in 500 mL of acetic acid (1%) under constant stirring at 60°C. Once dissolved, hydrogen peroxide (0.3 mol/L) was added for the degradation of the polymer chains, obtaining oligomers of less than 2000 Da (Sun et al., 2007) . Propolis (P), from the Duero basin (Burgos, Spain) was introduced in a hydroalcoholic solution 7:3 (v:v) and kept in vigorous agitation until its complete dissolution. In order to obtain the binary mixtures, both solutions were mixed at desired concentration.
Fungal pathogen
Urenidiospores of H. vastatrix were collected from infected leaves of C. arabica (var: Caturra) from a greenhouse plantation of the Departament of phytopathology-UFV, MG, Brazil. The spores were suspended in sterile water with Tween 80 (10%) at 1×10 -6 spore mL -1 . This concentration of spore solutions was used for all experiments.
Bioassay on spore germination
The inhibitory effect of chitosan oligomers and propolis on germination of urenidiospores of H. vastatrix was tested in vitro on glass slides placed 5×10
-5 spore mL -1 , 25 µL of spore suspension and 25 µL of each solution: COs P, COs-P and water (control). Four replicates of each treatment were placed in a humid chamber at 22°C and 90% relative humidity (RH) in dark for 6 hours. The germination inhibition percentage was calculated by the following equation:
Germination inhibition % = (c -x / c) × 100
Where, c=germinated spores in the control and x=germinated spores in the treatments. Note: When the germ tube size of the urediniospore was larger than the diameter of itself, it was considered germinated.
Bioassay on disease severity
The inhibitory potential of the COs, P and their mixture on spore germination of H. vastatrix was tested measuring the severity of disease on Coffea arabica leaves using the leaf disc method (Eskes, 1989 ). An aliquot of 25 µL of inoculum (urenidiospores suspension) was placed on leaf discs (15 mm diameter) in three different times: 24 hours before (T1), 24 hours after (T2), and at the same time (T3) that application of 25 µL of COs (2 mg mL -1 ), P (0.2 mg mL -1 ), COs-P (2 and 0.2 mg mL -1 respectively) and water (control). The leaf discs were placed inside plastic box filled with 100 mL of sterile water in order to obtain a high humidity. The boxes were kept for 30 days under controlled conditions (photoperiod: 12 h light/12 h dark and 22 °C). Twelve repetitions were used for each treatment and the experiment was repeated twice. The severity of the disease was evaluated 30 days after inoculation following the scale proposed by Silva et al., 2012 (Table 1) . 
RESULTS AND DISCUSSIONS
Effect on spores' germination
The efficacy of aqueous and hydroalcoholic solution based on chitosan oligomers and propolis against the urenidiospore germination of H. vastatrix in vitro assay are depicted in Figure 1 and 2. All three treatments exhibited a reduction of percentage of germination compared to control (F=118.7, p<3.48e-09) . In fact, chitosan oligomers (COs) at 2 mg mL -1 inhibited 99,5 % of the germination of H. vastatrix spores (Figure 2-b) . The high efficiency of low molecular weight chitosan in inhibition of germination have been reported for Botrytis cinerea and Mucor piriformis. Also, abnormal swelling of the conidia of M. piriformis and granular inclusions in the cytoplasm of both fungal species was found after chitosan application (Rahman et al., 2015) . The mixture chitosan oligomers and propolis (COs-P), showed a slight percentage of germination inhibition (96.6 %), less effective than COs individually (F=6.391, p=0.0448) , that could mean that the addition of propolis extract produces an interaction with chitosan polymer chains, reducing the antifungal activity of COs (Silva-Castro et al., 2018) . Otherwise, propolis solutions (P) 0.2 mg mL -1 inhibited 54.4 % the germination of the fungus. The effect caused by propolis is very relevant considering the solution concentration ten times less than COs-, actually, propolis have been a great antimicrobial and also antifungal applying low doses (Silva-Carvalho et al., 2015) .
Effect on disease severity
The effectiveness of COs, P and their mixture on CLR severity was tested in different times. The T1 assay (pathogen was firstly placed and after 24 hour the treatments were applied), does not shown significant differences compared to control and the other treatments (Figure 3) . Error bars show the standard deviation.
Due to the fact that fungus infection on the leaf occurs during the first 24 hours of contact, the subsequent presence of COs, P and COs-P did not cause a significant impact against it. Finally was registered a percentage of damage between 7 and 12 % over leaves. The T2 assay, designed to prevent fungal contamination (treatment applied 24 hour before fungal inoculation), presented the highest antifungal capacity of COs, P and COs-P, which allowed just 0.2 % of damage on leaves after 30 days, no significant differences among this three treatments being recorded. Hence, this application suggests the use chitosan as preventive treatment, which could be very useful in the disease management program. That represents an easy-to-reach tool, meanwhile, the studies to learn more and better about the evolutionary genetics of the fungus and the factors that intervene in the disease continue to develop (Toniutti et al., 2017 and . In the T3 assay (treatments in the same time with fungal inoculation) , there was differences between COs and P applications, leaves with COs shown zero percentage of damage, versus leaves with P, that revealed 5 %. However, the effect of this treatment was very important in comparison with control, where H. vastatrix caused until 20% of damage on coffee leaves (Figure 4 ). Applications of low molecular weight chitosan, have been evaluated in another bioassays with strawberry flowers, in which chitosan oligomers reduced until 60 % of flower infection caused by B. cinerea (Rahman et al., 2015) similar results than the present study, where the damage was reduced from 75 % until 100 % in the T2 case.
CONCLUSIONS
The chitosan oligomers, as have been proved in this study, have a great capacity to inhibit urenidiospore germination of H. vastatrix. Also propolis, another product of natural origin, exhibit antifungal activity in both in vitro and in vivo assays, however, its effect could be improved increasing the doses to apply.
Combinations of both products show more or less the same result than chitosan individually. Nonetheless, products based on chitosan oligomers are a promise tool, especially in the prevention of diseases, to add to the health management program of coffee production in order to combat the coffee leaf rust caused by H. vastatrix.
